Abstract Millettia nitida var. hirsutissima is a Chinese herbal medicine used for the treatment of gynecological diseases. An HPLC/DAD/ESI-MS n method was established for the rapid separation and characterization of bioactive flavonoids in M. nitida var. hirsutissima. A total of 32 flavonoids were detected, of which 14 compounds were unambiguously characterized by comparing their retention time, UV, and MS spectra with those of the reference standards, and the others were tentatively identified based on their tandem mass spectrometry fragmentation data obtained in the negative ionization mode on line. Nineteen of these compounds characterized were reported from this plant for the first time.
Introduction
Millettia nitida Benth. var. hirsutissima Z. Wei (Fengcheng Jixueteng in Chinese) is a perennial herb distributed in Jiangxi and Fujian provinces of Southeast China [1] . In Chinese folk medicine, it is used to treat dysmenorrhea, irregular menstruation, rheumatic pain, aching pain, as well as paralysis [2] . Pharmacological studies have revealed that M. nitida var. hirsutissima could recover liver function by promoting the DNA replication of hepatocytes [3] . An extract of this herb also exhibited obvious free radical scavenging activities [4] . Flavonoid components were commonly regarded as the bioactive constituents of M. nitida var. hirsutissima [5, 6] . In our previous work, 21 flavonoids were isolated from M. nitida var. hirsutissima and their structures were elucidated by MS, 1 H -NMR and 13 C -NMR [7] [8] [9] [10] . Few reports are available on the global analysis of chemical constituents of this plant.
In this paper, a fast and reliable HPLC/DAD/ESI-MS n method was established for the qualitative analysis of Millettia nitida var. hirsutissima. A total of 32 flavonoids were characterized, including 10 isoflavones, 3 chalcones, 5 flavanones, 1 pterocarpan, 2 flavans and 11 flavonoid glycosides. Among them, 19 compounds were reported from M. nitida var. hirsutissima for the first time.
Materials and methods

Chemicals and materials
The reference standards were isolated by the authors. Their structures were fully characterized by NMR and MS spectroscopy [7] [8] [9] [10] . The dried stems of M. nitida var. hirsutissima were collected in Fengcheng, Jiangxi province of China, in May 2003, and were identified by Professor Hubiao Chen. A voucher specimen was deposited in the Department of Natural Medicines, School of Pharmaceutical Sciences, Peking University. HPLC grade acetonitrile, formic acid (J.T. Baker, Phillipsburg, NJ, USA) were used, and ultra-pure water was prepared using a Milli-Q water purification system (Millipore, MA, USA). Methanol, petroleum ether (60-90 1C) and ethyl acetate (AR grade) for sample extraction were purchased from Beijing Chemical Corporation (Beijing, China).
Apparatus and analytical conditions
The HPLC analyses were performed on an Agilent series 1100 HPLC instrument (Agilent, Waldbronn, Germany) equipped with a quaternary pump, a diode-array detector, an autosampler and a column compartment. Samples were separated on an Agilent Zorbax Extend-C 18 column (5 mm, 4.6 mm Â 250 mm). The mobile phase consisted of acetonitrile (A) and water containing 0.03% (v/v) formic acid (B). A gradient elution program was used as follows: 0-13 min, 10-18% A; 13-18 min, 18-20% A; 18-35 min, 20-25% A; 35-42 min, 25-28% A; 42-60 min, 28-45% A; 60-65 min, 45-57% A; 65-70 min, 57-100% A; 70-75 min, 100% A. The mobile phase flow rate was 1.0 mL/min. Spectral data were recorded using diode-array detector over the wavelength range 190-600 nm and the chromatogram was extracted at 280 nm. The column temperature was set at 40 1C.
For LC/MS analysis, a Finnigan LCQ Advantage ion trap mass spectrometer (ThermoFisher, San Jose, CA, USA) was connected to the Agilent 1100 HPLC instrument via an ESI interface. The LC effluent was introduced into the ESI source in a post-column splitting ratio of 5:1. Ultrahigh-purity helium (He) was used as the collision gas and high purity nitrogen (N 2 ) as the nebulizing gas. The mass spectrometer was monitored in the negative mode. The optimized detection parameters were as follows: ion spray voltage, 4.5 kV; sheath gas (N 2 ), 50 arbitrary units; auxiliary gas (N 2 ), 10 units; capillary temperature, 330 1C; capillary voltage, À60 V; tube lens offset voltage, À15 V. A source fragmentation voltage of 25 V was applied. For tandem mass spectrometry analysis, the collision energy for CID (collision induced dissociation) was adjusted to 35% of maximum, and the isolation width of precursor ions was 2.0 Th.
Sample preparation
The herbal materials were ground into a fine powder (through a sieve of 100 meshes). An aliquot of 8 g of M. nitida var.
hirsutissima, accurately weighed, was extracted for 30 min with 80 mL of methanol on an ultrasonic water bath (30 1C), and the extract was then filtered. The solution was evaporated to dryness in a rotary evaporator under reduced pressure at 40 1C, and was then suspended in 10 mL of water. The resulting solution was extracted by 10 mL petroleum ether and 10 mL ethyl acetate consecutively. The ethyl acetate extract was dried and dissolved in 1.5 mL of acetonitrile. The solution was filtered through a 0.22 mm micropore membrane (Nylon 66; JinTeng, Tianjin of China) prior to LC/MS analysis. A 10-mL aliquot was introduced into the LC/MS instrument for analysis.
Results and discussion
Optimization of HPLC conditions
In order to obtain desirable HPLC chromatograms, the procedure of sample preparation was optimized in terms of the extraction solvent, the solvent for extraction of flavonoids from the crude extract and the ratio of raw material to liquid. First of all, three different extraction solvents, including 50% (v/v in water), 70% and 100% aqueous methanol, were selected as the extraction solvents. No significant difference was observed between the obtained chromatograms, and pure methanol was applied as the extraction solvent finally. Secondly, experiments showed that lipophilic components in the methanol extract could be removed by extracting with petroleum ether, and ethyl acetate enabled the accumulation of flavonoids with satisfactory HPLC baseline. Therefore, the crude methanol extract was suspended in water, and then successively extracted with petroleum ether and ethyl acetate, respectively. The ethyl acetate extract was used for LC/MS analysis. Thirdly, the sample concentration was adjusted to 8 g crude drug per 1.5 mL so as to detect as many compounds as possible, but not to result in ESI source contamination. Different columns (Zorbax SB-C 18 , Zorbax Extend-C 18 , YMC ODS-A and Waters Atlantis dC 18 ) were tested for the separation of the sample. By comparison, Zorbax Extend-C 18 column gave the best chromatographic resolution among the four columns. For the mobile phase, 0.03% (v/v) formic acid was added to improve the mass spectrometry ionization efficiency and enable symmetric peak shapes. The detection wavelength was set at 280 nm, at which most flavonoid components can be detected sensitively. The HPLC chromatogram and LC/MS total ion current of M. nitida var. hirsutissima are given in Fig. 1 .
Optimization of mass spectrometry conditions
Both the positive and negative ion modes were tested for MS analysis. Most flavonoids showed much cleaner mass spectral background and higher sensitivity in the negative mode than those obtained in the positive mode [11] . In the positive mode, flavonoids usually gave molecular adduct ions, such as À ions detected in the full scan mode were selected for MS 2 analysis. The two most abundant fragment ions in the MS 2 spectra were then selected as parent ions to trigger MS 3 fragmentation. The tandem mass data were analyzed to elucidate the chemical structures of unknown flavonoids.
Rationale for the characterization of flavonoids
Known compounds in the herbal extract were identified by comparing with reference standards according to the retention time and MS n spectra. The unknown compounds were characterized by analyzing their fragmentation behaviors in MS 2 and MS 3 spectra, their UV spectra, and by referring to previous reports. A total of 32 flavonoids were characterized (Table 1) . Among them, fourteen compounds, 1, 5, 7, 9, 13, 16, 17, 19, 22, 23, 26, 29, 30 and 32, were identified by comparing with reference standards, and the other compounds were tentatively identified. In total, 19 compounds were reported from M. nitida var. hirsutissima for the first time. The compounds with relatively confirmed structures are shown in Note: The nomenclature for flavonoid mass spectrometry fragmentation proposed by Hughes et al. was adopted in this paper [12] .
Most isoflavones showed UV absorption band at 250-270 nm, which helped to confirm them. Moreover, the tandem mass spectrometry of pure isoflavones, including calycosin, gliricidin, 3-O-methylretusin and formononetin, were investigated. Although RDA (Retro-Diels Alder) fragmentation could be observed in the mass spectra of most flavonoids, it was rarely detected in isoflavones in our study. Instead, a fragmentation at C-ring producing 0,3 A À and 0,3 B À ions was detected in low abundance, which was consistent with previous report [12] . We also observed that the isoflavones gave a series of regular neutral losses of 28 Da, 44 Da, 56 Da, 72 Da and 84 Da in the MS spectra, which could be attributed to CO, CO 2 , 2CO, COþCO 2 and 3 Â CO, respectively (Fig. 3) . Similar fragment ions were observed from other isoflavones and isoflavone glycosides as well. Additionally, the MS spectra of flavones were much more complex than those of isoflavones. For instance, flavones with different hydroxylation patterns could yield ions like [MÀHÀC 3 [13, 14] . The fragmentation pathways depended closely on the hydroxylation patterns. Unfortunately, these fragment ions were barely observed in isoflavones. For this reason, the exact locations of the hydroxyl substituents of isoflavones could not be deduced. However, the differences between the MS spectra of flavones and isoflavones, as well as the characteristic UV spectra, could serve as evidences to identify the structures of isoflavones. In this study, a total of 10 isoflavones were characterized.
Three compounds (20, 22 and 25) (10) as 8-O-methylretusin by comparing with a reference standard. Our mass spectral data supported this structure very well.
Identification of flavanones (compounds 4, 8, 14, 19 and 21)
A number of flavanones had been reported from Millettia species [6] . Different from isoflavones, the CID of flavanones usually gave 1, 3 A À ions through RDA fragmentation as the base peak [12] . In this study, five flavanones were detected from M. nitida var. hirsutissima. À ) indicated the presence of a methoxyl group. A specific fragment ion m/z 149, which was 14 Da larger than the fragment ion m/z 135, was observed for compound 21. The mass difference of 14 Da should be attributed -CH 3 and ÀH substitution, indicating that the methoxyl group should be located on ring A. Therefore, the structure of compound 21 was characterized as 7-methoxy-3 0 , 4 0 -dihydroxy flavanone. It might be noteworthy that [ 1,3 AþH 2 O] À ions were observed for the above flavanones in great abundance (60-90% of base peak). How these adduct ions were formed need further investigation (Fig. 4) . À ions were observed in the MS/MS spectra as base peak. This fragmentation could be due to the presence of a 3ÀOH group. Similar fragmentations were recently reported for flavanonols [16] . The [MÀH] À of compound 4 yielded the fragment ion at m/z 135, which was attributed to 1, 3 A À and indicated the presence of one hydroxyl group on ring A. Moreover, the ion at m/z 163 corresponding to 1, 2 A À suggested the presence of 3ÀOH group. Therefore, compounds 4 was tentatively identified as 3, 7, , indicated b-hydroxylation on ring A. Therefore, compound 8 was tentatively identified as dihydroquercetin.
Identification of chalcones (compounds 24, 27 and 31)
Although the mass spectra of flavanones and chalcones were similar, they could be explicitly differentiated according to their UV spectra [17] . Flavanones showed maximum UV absorption at 260-280 nm, whereas chalcones at around 380 nm. Compounds 24, 27 and 31 had strong UV absorption at the bond of chalcones. All the three compounds had the same hydroxylation pattern at ring A as their MS/MS spectra gave an A À ion at m/z 135. The abnormal ion [ The compound had been reported from this plant. The reference was labeled.
fragmentation patterns were same to that of flavanones (Fig. 5) A total of 11 flavonoid glycosides were identified from this plant. The tandem mass spectrometry of flavonoid glycosides has been extensively studied [19, 20] . ESI-MS n could provide À ), attributed to the elimination of a hexose and deoxyhexose residues, respectively. In addition, the deoxyhexose group should be the terminal sugar. In combination with other structural information, compound 13 was identified as trihydroxyflavanone-O-deoxyhexosyl-O-hexoside.
Conclusion
In summary, a simple and robust HPLC/DAD/ESI-MS n method for the qualitative analysis of chemical constituents in M. nitida var. hirsutissima was established. A total of 32 flavonoids were identified, including 10 isoflavones, 3 chalcones, 5 flavanones, a pterocarpan, 2 flavans and 11 flavonoid glycosides, and their fragmentation pathways in the negative mode were studied. Nineteen of these compounds were reported from M. nitida var. hirsutissima for the first time. 
Figure 5
The MS 3 spectra of 24, 27 and 31.
knowledge for further pharmacological research of M. nitida var. hirsutissima.
